
rsc.li/materials-a

As featured in:

See Yeon Sik Jung, 
Min-Wook Oh et al., 
J. Mater. Chem. A, 2021, 9, 4648.

Highlighting a study on the band nestifi cation of 
AgBiSe2-CuBiSe2 by a group of researchers led by 
Prof. Yeon Sik Jung from Korea Advanced Institute 
of Science and Technology and Prof. Min-Wook Oh 
from Hanbat National University.

Order-disorder transition-induced band nestifi cation 
in AgBiSe2–CuBiSe2 solid solutions for superior 
thermoelectric performance

Environmentally benign AgBiSe2-CuBiSe2 solid solutions 
are demonstrated as high-performance thermoelectric 
materials. By incorporating Cu atoms into Ag sites, 
multiple electronic bands are formed at an identical 
K point, abruptly increasing the weighted mobility 
of the material.

Registered charity number: 207890



Journal of
Materials Chemistry A

COMMUNICATION

Pu
bl

is
he

d 
on

 0
8 

D
es

em
ba

 2
02

0.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

02
5 

08
:3

2:
22

. 

View Article Online
View Journal  | View Issue
Order-disorder t
aDepartment of Materials Science and Engine

and Technology (KAIST), 291 Daehak-ro, Y

Korea. E-mail: ysjung@kaist.ac.kr
bDepartment of Materials Science and Engin

Dongseodae-ro, Yuseong-gu, Daejeon, 3415

hanbat.ac.kr
cEnergy Efficiency Materials Center, Korea

Technology (KICET), Jinju, 52851, Republic
dKorea Research Institute of Standards and S

of Korea
eEnergy Conversion Research Center, Kor

(KERI), Changwon, 51543, Republic of Kore
fKAIST Institute for NanoCentury, Korea Adv

(KAIST), 291 Daehak-ro, Yuseong-gu, Daejeo

† Electronic supplementary informa
10.1039/d0ta08484k

Cite this: J. Mater. Chem. A, 2021, 9,
4648

Received 29th August 2020
Accepted 30th November 2020

DOI: 10.1039/d0ta08484k

rsc.li/materials-a

4648 | J. Mater. Chem. A, 2021, 9, 46
ransition-induced band
nestification in AgBiSe2–CuBiSe2 solid solutions for
superior thermoelectric performance†
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Despite the fact that research into most high-performance thermo-

electric (TE) materials is focused on tellurides, compelling demand has

arisen to replace tellurium (Te) with selenium (Se) due to the scarcity of

Te. Silver bismuth diselenide (AgBiSe2, ABS) has been widely studied in

relation to thermoelectric applications due to its intrinsically low

thermal conductivity. However, its low power factor (PF) has been

considered as an underlying issue preventing improvements of the TE

properties of ABS. Here, it is demonstrated that a high PF can be

achieved by incorporating Cu into the ABS system via the nestification

of conduction bands when a disordering between Ag and Bi occurs.

Degenerate electronic bands simultaneously increase the density-of-

states effective mass and carrier concentration while not reducing the

carrier mobility significantly. Therefore, improved TE performance

with amaximumPF of 8.2 mWcm�1 K�2 and a peak zT value of 1.14was

achieved at 773 K, opening a new horizon for the development of

environmentally benign TE materials with high performance

capabilities.
Thermoelectric (TE) energy conversion has attracted signicant
attention as a prospective sustainable power source featuring
direct conversion from heat to electrical energy without
mechanical parts.1,2 However, because the low conversion
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efficiency hinders the market growth of this technology, most
research focuses on improving the performance of TEmaterials.
The conversion efficiency of the TE material is directly propor-
tional to the dimensionless gure of merit (zT¼ S2sT/k, where S
is the Seebeck coefficient, s is the electrical conductivity, T is the
absolute temperature, and k is the thermal conductivity of the
TEmaterial). From the equation, it is clear that increasing S and
s while decreasing k results in a TE material with a high zT
value.

Previous studies of TE materials highly focused on tellurides
such as Bi2Te3,3–5 GeTe,6,7 SnTe,8–10 AgSbTe2,11–14 Cu2Te,15–17

Sb2Si2Te6,18 and PbTe19,20 due to their high TE performance
capabilities.21 However, it is imperative to seek an alternative to
tellurium (Te) considering its scarcity in the earth's crust, which
limits material availability compared to supply and threatens
potential market growth of TE materials.22 The development of
selenium-based TEmaterials such as SnSe23,24 and Cu2Se25,26 has
been reported as part of the effort to replace Te. However,
despite the few examples of polycrystalline SnSe which exhibi-
ted high performance,27,28 SnSe oen has high zT values in
single crystals that are neither scalable nor mechanically
robust,29 while Cu2Se has electromigration issues during high-
current operation due to the presence of mobile Cu+ ions.30

Therefore, it is necessary to develop high-performance poly-
crystalline selenides with stable TE properties.

Silver-based ABX2-type chalcogenides has gained consider-
able attention as it can replace conventional lead chalcogenide-
based materials.31–33 Among them, silver bismuth diselenide
(AgBiSe2, ABS) has been extensively studied as a thermoelectric
material due to its intrinsically low thermal conductivity close to
the amorphous minimum.34–39 Lone-pair electrons (LPEs) in the
6s orbital of Bi greatly reduce the lattice thermal conductivity by
intensifying the degree of lattice anharmonicity, which is highly
favorable when developing high-performance TE materials.40

However, the relatively low electrical conductivity (�30 S cm�1

at 700 K37) compared to that of the state-of-the-art thermoelec-
tric materials results in a poor power factor (PF ¼ S2s), which
hinders the realization of a high zT value. Although efforts have
This journal is © The Royal Society of Chemistry 2021

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ta08484k&domain=pdf&date_stamp=2021-03-01
http://orcid.org/0000-0003-1628-4522
http://orcid.org/0000-0002-7093-8761
http://orcid.org/0000-0002-7709-8347
http://orcid.org/0000-0002-0915-3172
https://doi.org/10.1039/d0ta08484k
https://rsc.66557.net/en/journals/journal/TA
https://rsc.66557.net/en/journals/journal/TA?issueid=TA009008


Communication Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
8 

D
es

em
ba

 2
02

0.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

02
5 

08
:3

2:
22

. 
View Article Online
been made to improve the electrical conductivity of ABS by
increasing the carrier concentration, an accompanying drop in
the Seebeck coefficient greatly limits PF to a certain
threshold.36,37 For example, even when the carrier concentration
is optimized, the reported maximum PF is approximately 5.5
mW cm�1 K�2 for halogen-doped ABS.37 Considering that the
window in which to suppress the lattice thermal conductivity is
signicantly narrow, improving the electronic properties is
required to increase the zT values of ABS.

Band convergence or band nestication of TE materials has
been considered as a promising strategy to increase PF given
that one can achieve a high Seebeck coefficient without
diminishing the electrical conductivity.41–46 Previous studies
widely report that isovalent dopants can induce band conver-
gence. Examples include (Bi,Sb)2Te3,47 Pb(Se,Te),41 Mg2(Si,Sn),48

and Mg3(Sb,Bi)2.43 For instance, isovalent doping on either the
Bi sites36,49 or Se sites35,50,51 in ABS has already been conducted,
though it was found to be ineffective to induce band conver-
gence. Even though it was expected that Cu can induce valence
band convergence in hexagonal structure by DFT calculations,52

the effect of replacing Ag sites with group 11 elements (Cu and
Au) has not been experimentally explored. Given the cost-
effectiveness and earth-abundance of Cu compared to Au, we
were motivated to investigate the transport properties of the
CuBiSe2-alloyed AgBiSe2 (CABS) system.

Although various isovalent dopants have been introduced
into the ABS matrix, maximum zT value has stagnated to
approximately 0.6 at 773 K despite the corresponding low lattice
thermal conductivity (Fig. 1a).35,49,51 CABS alloys with low Cu
concentrations also exhibit similar zT values resulting from the
low mw values of the materials. However, an abrupt increase of
mw starting from 500 K in CABS-27 (Cu0.27Ag0.73BiSe2) greatly
improves the zT value to 1.14 at 773 K, which surpasses the
common threshold of isovalent-doped ABS. A temperature-
dependent Pisarenko analysis in Fig. 1b reveals that the
density-of-states effective mass ðm*

DOSÞ of CABS-27 becomes
larger than that of other CABS alloys starting at 523 K, where
ABS experiences a structural transition to a disordered cubic
phase. Furthermore, it is now known that superior electronic
properties in CABS-27 stem from the increase of the DOS
effective mass, which is typically determined by
m*

DOS ¼ Nv
3=2m*

b, where Nv represents valley degeneracy and m*
b

is the band effective mass.53 If a heavy DOS effective mass
originates from a high m*

b value, the electron mobility would be
reduced and would prevent the achievement of a high PF.
However, measured Hall mobility values at high temperatures
do not change signicantly in the CABS-27 system, implying
that the increase of the DOS effective mass stems from an
increase in valley degeneracy, not from m*

b. (Fig. 1c).
It is known that the weighted mobility is expressed by

following equation:

mw ¼ m0

�
m*

DOS

me

�3=2

¼ m0Nv
3=2

�
m*

b

me

�3=2

;

whereme is the electron mass, and m0 is the mobility of a carrier
at kBT higher than the band edge. The weighted mobility, an
This journal is © The Royal Society of Chemistry 2021
indicator of superior electronic properties yet independent of
the carrier concentration, for the CABS alloys and pristine ABS
clearly proves that the improvement does not come from only
carrier concentration tuning but is indeed a benecial effect of
the increased Nv. While most ABS alloys exhibit a drastic drop of
the weighted mobility at a high temperature, CABS-27 shows
a persistent increase. Therefore, from a largerm*

DOS and mw than
that of other CABS alloys, one can infer that CABS-27 have
higher Nv than that of other CABS alloys.

The BSE image of CABS-27 presented in Fig. 2a with EDX
elemental mapping conrms a homogeneous distribution of
elements without secondary phases on the micrometer scale.
The room-temperature X-ray diffraction pattern reveals that
CABS alloys crystallize in a hexagonal phase with a space group
of P�3m1 (Fig. 2b). From the HRTEM image, the typical layered
crystal structure of ABS with high crystallinity is found,
meaning that the structure is well preserved upon Cu alloying.
This layered structure enters one of two cubic phases, the L11
(AF-II) structure or the D4 (AF-IIb) structure at high tempera-
tures, which represents disordering of cations between Ag and
Bi atoms, as described in Fig. 2f.54 One can notice that the AF-II
(L11) structure with alternating Ag, Se, and Bi planes normal to
the [111] direction can be obtained by rotating the second and
fourth plane of the AF-IIb (D4) structure by 90� around the z
axis.55 However, these structures are not able to be distin-
guished with X-ray diffraction as both of them have character-
istic Ag–Se–Bi–Se. chains in all periodic directions. Therefore,
it is possible only to capture the cubic transition from the
hexagonal structure by observing the decrease in the number of
reections (Fig. 2c). The phase transition also affects the
valence state of the elements, as conrmed by in situ XPS results
(Fig. S1†). Furthermore, the Hall carrier concentration of CABS
alloys greatly increases aer the phase transition (Fig. 2d). One
should note that the electron concentration increases as more
Cu incorporates into the ABS system. The disordering of cations
on phase transition is shown in schematic diagram in Fig. 2e.
Two distinctive crystallographic sites exist in the crystal struc-
ture of hexagonal ABS, and they possess different valence states
for the neutral and 3+ conditions. In turn, the metallic Bi
disappears and Bi+ emerges aer the phase transition;
outcomes which may be related to the crystal structures of L11
and D4, as all Bi are assumed to share electrons with the nearest
atoms. These mixed valence states of ABS would possibly form
anisotropic bonding that diminishes the lattice thermal
conductivity.56–59

Next, we explore the thermoelectric transport properties of
CABS alloys. The Seebeck coefficients of CABS alloys at 323 K are
nearly identical at approximately �135 mV K�1 due to their
similar carrier concentrations (Fig. 3a). The deviation of the
Seebeck coefficient of CABS-20 stems from the slightly lower
carrier concentration, presumably due to the different defect
concentrations. The total and lattice thermal conductivity levels
at room temperature increased with additional alloying of Cu
onto the ABS, which is opposite to what is expected from the
Klemens alloy scattering model60 (Fig. 3d and e). However,
considering the increase of the average grain size, reduced
phonon scattering at the grain boundary should be the
J. Mater. Chem. A, 2021, 9, 4648–4657 | 4649
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Fig. 1 Band nestification breaking the zT threshold of AgBiSe2. (a) Comparison of the temperature-dependent weighted mobility (mw) and zT
values of AgBiSe2 alloyed with an isovalent element.35,49,51 Most of the zT values converge to�0.6, while CABS-27 exhibits a zT value of 1.14 at 773
K. (b and c) Temperature-dependent (b) Pisarenko plot and (c) Hall mobility showing the heavier m*

DOS of CABS-27 compared to those of other
CABS alloys despite relatively unchanged Hall mobility. Points in one circle are measured at the same temperature.
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principal cause of the increased thermal conductivities at room
temperature (see Fig. S2 and S3 in the ESI†). The increased grain
size is attributed to the lowering of the melting point, which is
also observed in the Mg3(Bi,Sb)2 system.61 Moreover, it is found
that the grain size also affects to the phase transition dynamics.
The larger grain has a lower phase transition temperature
compared to that of the smaller grain in the same composition
(Fig. S17†).62,63 For example, CABS-27 having bimodal distribu-
tion of the grain size has a shoulder peak at the transition
temperature (Fig. S25†). The detailed discussion on the inu-
ence of grain size on the lattice thermal conductivity and DSC
experiment can be found in the ESI.†

At high temperatures exceeding 600 K, the Seebeck coeffi-
cient of CABS alloys rises with the temperature, indicating
4650 | J. Mater. Chem. A, 2021, 9, 4648–4657
degenerate conduction behavior. In addition, CABS alloys with
high Cu concentrations exhibit lower Seebeck coefficients along
with higher electrical conductivity. The calculated PF outcomes
are similar for the three CABS alloys at temperatures of less than
450 K (Fig. 3c). Even at high temperatures, the PF values of
CABS-13 and 20 do not exceed 4 mW cm�1 K�2. However, the PF
of CABS-27 rises sharply from 450 K, reaching 8.2 mW cm�1 K�2

at 773 K, which is more than double that of the PF values of the
pristine sample and a 33% increase over that of halogen-doped
ABS.37

As acoustic phonon scattering dominates at high tempera-
tures,64 the lattice thermal conductivity of CABS alloys typically
has a similar value of 0.3 W m�1 K�1 with less of an effect of
grain boundary scattering compared to that at room
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Characterization of CABS alloys. (a) Representative BSE image of the polished surface of CABS-27 with EDX elemental mapping. Scale bar
¼ 50 mm. (b) Room-temperature powder X-ray diffraction patterns of CABS alloys. The inset in (b) is a HRTEM image of CABS-27with a schematic
drawing of its layered crystal structure. Scale bar ¼ 5 nm. (c) High-temperature powder X-ray diffraction pattern of CABS-27, showing
a hexagonal-to-cubic phase transition upon heating. (d) Temperature-dependent Hall carrier concentration of CABS alloys. (e) Schematic
drawing of the order-disorder transition in ABS upon heating. The difference in site substitution between Ag and Bi in the L11 and D4 supercell is
depicted by the arrow.
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temperature. A high zT value of 1.14 at 773 K is achieved for
CABS-27 owing to the high PF combined with the low lattice
thermal conductivity (Fig. 3f). Furthermore, CABS-27 exhibits
superior performance not only in terms of zTmax but also with
regard to zTavg compared to other ABS-related TE materials
(Fig. S4†).

To unveil the physical origin of improved PF of CABS-27,
density functional theory (DFT) calculations of the electronic
band structure are conducted. In this study, we consider the two
situations of L11 and D4 structures. The electronic band struc-
tures of Ag16Bi16Se32 (ABS), Cu1Ag15Bi16Se32 (CABS), and Cu16-
Bi16Se32 (CBS) with the L11 structure are presented in Fig. 4a,
b and c, respectively. It was found that cubic ABS with the L11
structure is a narrow-gap semiconductor with a band gap of
0.065 eV and valley degeneracy of 1. The calculated band gap is
relatively small compared to the result of Hoang et al., as the
spin–orbit-interaction (SOI) tends to decrease the band gap,
though it is crucial for evaluating a material with heavy
elements.65 The estimated band gap without SOI is 0.221 eV,
which is almost half of the band gap calculated for HSE06
hybrid functionals (see Fig. S5 in the ESI†).66 Considering that
This journal is © The Royal Society of Chemistry 2021
PBE calculations underestimate the band gap compared to
hybrid calculations, our calculation results are in good agree-
ment with the reported values.67,68 The band gap is reduced to
0.043 eV in CABS, and it eventually closes, showing a pseudo-
gap feature in CBS. It is expected that the effect of Cu on the
band gap is signicant in the cubic structure as opposed to the
hexagonal structure, as we did not observe any signicant
difference in the band gap at room temperature (see Fig. S6 in
the ESI†). Moreover, it is important to note that the relative
positions of conduction bands are strongly affected by Cu,
despite the fact that most of the states above the Fermi level in
the L11 structure are mainly dominated by the Bi 6p orbital.55,66

In fact, considering that Ag in the Ag–Se–Bi–Se–Ag–Se–Bi–Se.
chain greatly perturbs the hybridization between Bi and Se, Cu
can also manipulate the Bi–Se hybridization states and the
conduction band.55 A similar variation in the conduction band
is observed in the D4 structure as well (see Fig. S7 in the ESI†).

Compared to ABS, it is apparent that a new conduction band
near the conduction band minimum (CBM) at the T point is
formed in CABS. As the Cu content increases, more conduction
bands form near the CBM (see Fig. S16 in the ESI†). Finally,
J. Mater. Chem. A, 2021, 9, 4648–4657 | 4651
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Fig. 3 TE Properties of CABS alloys. Temperature-dependent (a) Seebeck coefficient, (b) electrical conductivity, (c) power factor, (d) total
thermal conductivity, (e) lattice thermal conductivity, and (f) dimensionless figure of merit (zT) of CABS-m. Identical symbols and colors indicate
identical Cu concentrations (m values). The reported value of pristine ABS from the literature is plotted together for comparison. The uncertainty
(error bar) of the zT measurement, �15%, is only shown for CABS-27 for clarity.
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a group of degenerate conduction bands forms near the CBM in
CBS. This feature may originate from the relatively low energy of
the Cu 4s orbital relative to that of the Ag 5s orbital, possibly
forming lower energy states than Ag. Therefore, it is strongly
suspected that CABS-27 possesses multiple degenerate bands –
or nested bands – at the T point. These bands with high valley
degeneracy would facilitate a high power factor by increasing
the density-of-states (DOS) effective mass ðm*

DOSÞ without dete-
riorating the electrical conductivity.21,41,43 Comparing Pisarenko
4652 | J. Mater. Chem. A, 2021, 9, 4648–4657
plots at room temperature (see Fig. S9 in the ESI†) and at high
temperatures (Fig. 1b) further demonstrates that band nesti-
cation occurs only aer a phase transition.

To evaluate the benecial effect of band nestication on the
TE properties quantitatively, we estimated PF with Boltzmann
transport equations in which a rigid band and constant
relaxation-time approximation were assumed. The Fermi level
was determined from the experimentally measured carrier
concentration for ABS. For CABS and CBS, though the
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Effect of nested bands on PF in the CABS system. (a–f) Calculated electronic band structures of Ag16Bi16Se32, Cu1Ag15Bi16Se32, and
Cu16Bi16Se32 supercells with the L11 (AF-II) structure. The locations of the Fermi level at 500 K and 700 K are depicted by the red and blue lines,
respectively. (d–f) Calculated ratios of the power factor to the relaxation time of Ag16Bi16Se32, Cu1Ag15Bi16Se32, and Cu16Bi16Se32 supercells for
each Fermi level as determined by solving the Boltzmann transport equation. Identically colored lines depict an identical Fermi level in (a–c). (g)
PF versus the carrier concentration for CABS alloys. Squares, circles, and triangles indicate the values for CABS-13, CABS-20, and CABS-27,
respectively. Solid curves were fitted with the three-band model. (h) The calculated density of states of the conduction bands for the Ag16-
Bi16Se32, Cu1Ag15Bi16Se32, and Cu16Bi16Se32 supercell with the L11 structure.
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compositions differ between the modelling and the experiment,
the measured concentration was used to determine the Fermi
level. As shown in Fig. 4d–f, PF of CABS and CBS is larger than
that of ABS. Because we assumed a constant relaxation time and
did not determine its value, the estimated PF reects the effect
of the electronic structure on the transport properties without
considering the amount of scattering. In addition to the quali-
tative expectation from the band structure, the quantitative
analysis with the Boltzmann transport equation supports the
contention that the PF value can be increased with Cu doping
due to band nestication. Comparing the measured electrical
conductivity to the s/s value yields a relaxation time of�10�14 s,
comparable to that of Bi2Te369–71 or PbTe.72,73

Fig. 4g shows the calculated power factor versus the carrier
concentration with the three-band model with experimental
data for various temperatures. While CABS-13 and CABS-20 are
This journal is © The Royal Society of Chemistry 2021
out of the tted curve and far below the expected value, CABS-27
lies on the theoretical line. Although other sets of parameters
may exist, this deviation implies that the electronic structures of
CABS-13 and CABS-20 would be different from that of CABS-27.
Moreover, the Hall carrier concentration at a high temperature
is the highest in CABS-27 with a high Seebeck coefficient, an
outcome attributed to the high DOS effective mass due to the
increased valley degeneracy. The calculated DOS in Fig. 4h
clearly shows the increased DOS with an increase in the Cu
content, indicative of an increment in the DOS effective mass.
Therefore, it is shown that the increase of m*

DOS is indeed
benecial for improving TE properties in CABS system. More-
over, we conrmed the stability and the repeatability of the TE
properties of CABS-27 by measuring them during three heating
cycles (see Fig. S10 and S11 in the ESI†). These results empha-
size that the overall TE properties, especially the high PF values,
J. Mater. Chem. A, 2021, 9, 4648–4657 | 4653
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are consistently stable, which is essential for long-term opera-
tion in actual power generation applications.
Conclusions

In summary, we demonstrated improved TE properties by
inducing band nestication in AgBiSe2-related materials for the
rst time, leading to an unprecedented high PF value of 8.2
mW cm�1 K�2 at 773 K. Consequently, a high zTmax value of 1.14
with a zTavg value of 0.5 was achieved at 773 K, representing one
of the highest values among AgBiSe2-based TE materials. An
additional reduction of the lattice thermal conductivity by
constructing nanostructures or hierarchical architectures or
optimization of the carrier concentration can be expected to
further improve the TE performance capabilities of CABS alloys.
Due to the low solubility and phase stability of CuBiSe2 (see
Fig. S14 in the ESI†), determining the TE properties of CABS
alloys with a high Cu concentration beyond m ¼ 30 remains an
intriguing future work. Nonetheless, our fundamental under-
standing of the electronic band structure and conduction
mechanism represents a signicant advance in the develop-
ment of high-performance, cost-effective, and environmentally
benign TE materials.
Experimental section
Sample preparation

In this work, we prepared three samples with different Cu
concentrations, with which Cu was intended to occupy Ag sites.
For example, the chemical composition of CABS-13 is Cu0.13-
Ag0.87BiSe2. Polycrystalline CABS-m samples (m¼ 13, 20, and 27)
were synthesized by the melting and solidication method.
High-purity elemental Ag shots (99.99%, Alfa Aesar), Bi shots
(99.999%, 5N Plus), Se shots (99.999%, 5N Plus), and Cu pellets
(99.997%, Yoochang Metal) were weighed according to the
stoichiometric ratio. The raw materials were put into a quartz
tube, and the tube was ame-sealed under a high vacuum of
10�5 Torr. Melting was done in a tube furnace at 1273 K for six
hours, with further annealing at 773 K for 12 hours to homog-
enize the material. The ingot was pulverized into powder with
an agate mortar and densied by spark plasma sintering (Dr
Sinter SPS-211, Fuji Electronic Industrial) at 773 K for ten
minutes under pressure of 10�3 Torr. A graphite mold and
a punch with a diameter of 12.7 mm were used during the
sintering process. All samples exhibited a high relative density
of approximately 99% of the theoretical density.
Characterization

Structural and crystallographic characterization assessments
were conducted by X-ray diffractometry with a CuKa radiation
source (SmartLab, Rigaku) from 20� to 80� with a step size of
0.01� and a scan speed of 2� per minute. Powders with particle
sizes of less than approximately 45 mm were used for PXRD
measurements. The high-temperature X-ray diffraction pattern
was acquired under an N2 atmosphere with a heating rate of 5
K min�1. A platinum (Pt) holder was used to prevent a reaction
4654 | J. Mater. Chem. A, 2021, 9, 4648–4657
between the sample and the holder. The microstructures of the
fracture surface and the polished surface were analyzed using
a eld-emission scanning electron microscope (FE-SEM S-4800,
Hitachi). Elemental mapping of the polished surface was con-
ducted using an energy-dispersive X-ray spectrometer (EMAX,
Horiba) equipped in a FE-SEM device. The characteristics of the
lattice dynamics were investigated by transmission electron
microscopy (Tecnai F30, FEI), and the bonding states of the
element were investigated by means of in situ X-ray photoelec-
tron spectroscopy (Axis-Supra, Kratos). The optical band gap
was measured by diffuse reectance spectroscopy (DRS) with
UV-vis spectrometer (Lambda 1050, PerkinElmer).
Temperature-dependent Hall measurements were conducted
with the van-der-Pauw method with four tungsten contacts
under a magnetic eld of 0.5 T (ResiTest 8300, TOYO
Corporation).

Thermoelectric property measurements

Sintered samples were mechanically cut into round (ø 12.7 � 1
mm3) and bar-shape (3 � 3 � 10 mm3) specimens for thermal
and electronic transport property measurements, respectively.
All TE properties were measured along the same direction
(parallel to the press direction) to minimize any possible error
due to the anisotropy of the material. The temperature-
dependent electrical conductivity and Seebeck coefficient were
simultaneously measured in a He atmosphere with a commer-
cial apparatus (BS-1, Bluesys). The thermal conductivity was
calculated via k ¼ rCpD, where r is the bulk density, Cp is the
heat capacity, and D is the thermal diffusivity of the material.
The bulk density was measured by the Archimedes method, and
the heat capacity was calculated using the Dulong–Petit law.37,38

The thermal diffusivity was measured using a laser ash appa-
ratus (LFA 457, NETZSCH) under an Ar atmosphere. The
weighted mobility was calculated using Drude-Sommerfeld free
electron model.74 The Lorenz number was obtained from the
Seebeck coefficient based on the assumption of a single para-
bolic band.75

Computational details

First-principles calculations were performed based on the
density functional theory (DFT) with the generalized gradient
approximation (GGA) as parameterized by Perdew, Burke, and
Ernzerhof (PBE), implemented in the Vienna ab initio simula-
tion package (VASP) code.76–78 We used the projector augmented
wave (PAW) pseudopotential for the valence and the ionic core
interactions.79 The disordering of cations between Ag and Bi for
the cubic phase of ABS at high temperatures can be described
with mixture of the ordered AF-II (L11) and AF-IIb (D4) struc-
tures. Hence, the electronic structures of the ordered L11 and D4
structures were evaluated to consider the disordering of cations
of ABS. To model both L11 and D4 cubic structures for ABS, the
NaCl-type cell with alternating Ag–Se planes and Bi–Se planes
normal to the [100] direction was doubled along all three
directions while the cations were rearranged. Due to this rear-
rangement of cations, there is no symmetric relationship with
the original NaCl-type cell and the cell with 64 atoms. Thus, we
This journal is © The Royal Society of Chemistry 2021
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could not unfold the band structure because the cubic cell is the
original cell itself.80 As a result, the supercell with 64 atoms is
essentially needed for L11 and D4 cubic structures of ABS. The
supercells with 64 atoms were used in the total energy calcula-
tions for cubic structures of ABS, CABS, and CBS and the Bril-
louin zone was not unfolded. An energy cutoff of 350 eV and a 6
� 6 � 6 gamma-centered k-points mesh were used. The lattice
parameter and the internal atomic positions were fully relaxed
until the forces were within 0.02 eV Å�1 for each atom. The spin
orbital interaction (SOI) is included in all calculations, except
for the structure optimization. Electronic transport properties
were calculated with the BoltzTraP2 code.81
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